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In contrast to the tree of life (TOF) theory, species are mosaics of gene sequences with
different origins. Observations of the extensive lateral sequence transfers in all organisms
have demonstrated that the genomes of all life forms are collections of genes with
different evolutionary histories that cannot be represented by a single TOF. Moreover,
genes themselves commonly have several origins due to recombination. The human
genome is not free from recombination events, so it is a mosaic like other organisms’
genomes. Recent studies have demonstrated evidence for the integration of parasitic
DNA into the human genome. Lateral transfer events have been accepted as major
contributors of genome evolution in free-living bacteria. Furthermore, the accumulation of
genomic sequence data provides evidence for extended genetic exchanges in intracellular
bacteria and suggests that such events constitute an agent that promotes andmaintains all
bacterial species. Archaea and viruses also form chimeras containing primarily bacterial but
also eukaryotic sequences. In addition to lateral transfers, orphan genes are indicative of
the fact that gene creation is a permanent and unsettled phenomenon.   Currently, a rhizome
may more adequately represent the multiplicity and de novo creation of a genome. We
wanted to confirm that the term “rhizome” in evolutionary biology applies to the entire
cellular life history. This view of evolution should resemble a clump of roots representing
the multiple origins of the repertoires of the genes of each species.
Keywords: rhizome, genealogic tree, horizontal sequence transfer, recombination, orphan genes
SPECIATION
The definition of a species established by Mayr (Mayr, 1957),
known as the “Biological Species Concept,” postulates that species
are groups of interbreeding natural populations that are repro-
ductively isolated from other such groups. Therefore, sympatric
speciation can occur only between closely related species, in
which gene exchange is possible, whereas reproductive isola-
tion is a process that can only occur if geographical separation
partially or completely impedes gene flow. This definition estab-
lishes allopatric speciation as the norm (Mayr, 1957). Ecological
changes or natural disasters lead to organismal isolation and
bottlenecks, and therefore, to speciation. To this end, the main
characteristic of speciation in eukaryotes is geographic isola-
tion or allopatry, which restricts the capacity to exchange genes
(Via, 2009); this feature is also observed in specialized bacteria
(Doolittle and Papke, 2006).
However, a species is not a stable entity because species are
continuously created and transformed. Due to their previous
sympatric lifestyle, in which genetic exchanges were not lim-
ited, genomes are mosaics of sequences with different origins
(Georgiades et al., 2011a,b). Indeed, the observations of exten-
sive lateral sequence transfers in all organisms demonstrated that
the genomes of all life forms are collections of genes with different
evolutionary histories that cannot be represented by a single tree
of life (TOL) (Koonin, 2009).
Many alternatives have been proposed to represent all the gene
exchange events in organisms, such as networks (Kunin et al.,
2005; Dagan et al., 2008; Halary et al., 2010; Beauregard-Racine
et al., 2011; Kloesges et al., 2011; Popa et al., 2011), forests (Lopez
and Bapteste, 2009) and bushes (Gould, 1987).
We sought to confirm that the term “rhizome” in evolution-
ary biology is the most suitable descriptor and to demonstrate
that the entire history of cellular life is a rhizome (Raoult, 2010a;
Merhej et al., 2011; Koonin, 2012).
LATERAL INHERITANCE
Lateral gene transfers (LGT) have been considered to be marginal
phenomena, important under specific circumstances, which
could be discarded in the study of organismal evolution (Koonin
and Wolf, 2008). However, recent extensive comparisons of mul-
tiple whole genome sequences have revealed a vast and sur-
prising variability in gene content, even among closely related-
species (Mira et al., 2001; Berg and Kurland, 2002; Konstantinidis
and Tiedje, 2004; Koonin and Wolf, 2008; Georgiades et al.,
2011a,b). Comparative genomics revealed that most genes are
susceptible to LGT (Sorek et al., 2007), although the tendency
to undergo LGT is highly variable among genes (Nakamura
et al., 2004; Cohen et al., 2008, 2011; Hao and Golding, 2008).
LGT affects different classes of genes to different extents, but
no single gene is completely immune to LGT (Koonin and
Wolf, 2008). LGT may be mediated by the inheritance of a
plasmid, the integration of a lysogenic phage into a chromo-
some, or by the insertion of a linear fragment into a chromo-
some (Kaper and Hacker, 1999). Complete genome sequences
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highlight the confounding effects of lateral transfers in recon-
structing the history of organismal evolution (Koonin et al., 1997,
2000; Doolittle, 1999; Nelson et al., 1999; Boucher et al., 2001;
Gogarten et al., 2002; Zhaxybayeva and Gogarten, 2002). A prac-
tical necessity for detecting LGT is a species tree that depicts the
phylogeny of the compared organisms in their entirety. Indeed,
the most common practice used to detect LGT involves iden-
tifying the reliable discrepancies between the topologies of a
gene tree and a species tree (Merhej et al., 2011). The species
tree concept was validated by comparing the phylogenetic trees
of sets of several hundred single-copy clusters of orthologous
groups (COGs) from well-characterized, widespread bacterial
groups, such as alphaproteobacteria, gamma-proteobacteria or
Bacillus-Clostridium (Koonin and Wolf, 2008). However, LGT is
a misleading definition because lateral inheritance may refer to
sequences and not to entire or single genes (Chan et al., 2009,
2011; Merhej et al., 2011).
LATERAL SEQUENCE TRANSFERS IN EUKARYOTES AND THE HUMAN
RHIZOME
Two elements participate in eukaryotic genetic change. The first
is sexuality. In 1889, August Weismann proposed that sex evolved
because of the advantage in creating variation among siblings
(Weismann, 1889). Therefore, natural selection favors the parents
who can produce a variety of offspring. A similar hypothesis was
proposed by Darwin in his “Origin of Species” (Darwin, 1859),
which states that all sexually reproducing organisms are derived
from a common, single-celled eukaryotic ancestor. Many pro-
tists reproduce sexually, as do multicellular plants, animals, and
fungi. A few species, such as Bdelloidea and some parthenocarpic
plants have secondarily lost this feature (Letunic and Bork, 2006).
Some species, such as arthropods, can reproduce sexually and
asexually or undergo parthenogenesis, which is the development
of embryos in the absence of male fertilization. Wolbachia are
known to induce female parthenogenesis in infected arthropods
(Renvoisé et al., 2011).
The second mechanism of genetic exchange in eukaryotes is
lateral sequence transfer by infection or recombination. Sequence
transfers from bacteria to eukaryotes have occurred due to the
ancestral symbiotic events that led to the establishment of plant
and animal lineages (Thomas and Greub, 2010). Amoebae have
also played a significant role as a melting pot for genetic exchange
(Ogata et al., 2006; Moliner et al., 2010; Raoult and Boyer,
2010). A dramatic lateral sequence transfer has been reported:
nearly the entireWolbachia genome was observed to be integrated
into the host genome. Comparative genomic studies support
the existence of progressive sequence transfers from Wolbachia
to arthropods, insects, and nematodes (Dunning Hotopp et al.,
2007; Nikoh et al., 2008; McNulty et al., 2010). In particular,
Drosophila ananassae harbors the entire genome of a Wolbachia
species (Callaway, 2007).
The human genome does not escape such mixtures and
also is a mosaic. Evidence from a recent study supports the
integration of parasitic DNA into the human genome. The
authors revealed that Trypanosoma cruzi sequences were inte-
grated into the genomes of patients from five families from
different Brazilian ecosystems. An investigation of the role of
saliva in the transmission of human herpesvirus 6 (HHV6)
revealed that all nine submandibular glands and one of four
parotid glands harbored the HHV6 genome and expressed the
corresponding proteins (Fox et al., 1990). The consequences of
parasite DNA acquisition, the vertical inheritance of integrated
DNA and its subsequent drift may contribute to the ongo-
ing genetic diversity and speciation in the human population
(Hecht et al., 2010), which is indicative of a chimera (Raoult,
2011).
Genome mixing has also occurred between archaic hominins
and modern humans. Indeed, evidence for a notable presence
of a Neanderthal-derived X chromosome segment among all
contemporary human populations outside Africa has been pre-
sented (Yotova et al., 2011). Another archaic hominin was recently
discovered in the Denisovan cave in Siberia. This group is
derived from a hominin migration out of Africa distinct from
the Neanderthal ancestors and modern humans, as suggested
by the highly divergent morphological features. Evidence sug-
gests that this archaic human lived close in time and space
with Neanderthals and modern humans and that its genome
contributed 4–6% of its genetic material to the genomes of
the present-day Malaysians (Krause et al., 2010; Reich et al.,
2010), whereas Neanderthals contributed approximately 1–4%
of their genetic material to modern Europeans (Abi-Rached
et al., 2011). Furthermore, a recent analysis of the highly poly-
morphic human leukocyte antigen (HLA) class I revealed how
modern humans acquired the HLA-B∗73 allele in West Asia
through mixing with Denisovans (Abi-Rached et al., 2011).
All these surprising data suggest that the genetic constitution
of modern humans may be the outcome of a mosaic of lin-
eages from different times and geographic origins (Yotova et al.,
2011), as defined by our vision of the rhizome (Raoult, 2011)
(Figure 1).
THE MITOCHONDRIAL RHIZOME
Mitochondrial evolution has recently been demonstrated to con-
stitute a rhizome (Georgiades and Raoult, 2011). The results of
this study suggest that the origins of mitochondrial genes are not
limited to Rickettsiales and that their creation did not occur in
a single event but through multiple successive events. Contrary
to what has been believed until now, recent evidence strongly
suggests that mitochondria do not have a single common ances-
tor (Emelyanov, 2001) but likely numerous ancestors, including
proto-Rickettsiales, proto-Rhizobiales, proto-alphaproteobacteria
and current alphaproteobacterial species. The mosaisism of the
mitochondrial genome is also discussed by Esser et al. (2007),
however, in our study, the use of four different types of mito-
chondria from four different organisms (protozoa, yeast, louse,
human) revealed that the mitochondria of different organisms
comprise different elements, while the analysis of the louse multi-
chromosomal mitochondrion (Shao et al., 2009) showed that the
mitochondria creation model is not fixed: mitochondria do not
have a stable or unique form, and thus their evolution cannot be
the same.We conclude from these results that the TOL is not suffi-
cient to explain the chimeric structure of mitochondrial genomes
and that their evolution should be represented as a rhizome
as well.
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FIGURE 1 | The human rhizome. The current human genome harbors genes
acquired vertically, predominantly from Cro-Magnon ancestors but also from
Denisovans and Neanderthals. In addition to the Cro-Magnon genes,
Europeans possess a few Denisovan genes, Africans possess a small and
approximately similar amount of Denisovan and Neanderthal genes, and
Malaysians possess few Neanderthal genes.
LATERAL SEQUENCE TRANSFERS IN BACTERIA AND THEIR RHIZOME
Lateral inheritance has been accepted as a major contributor
of genome evolution in free-living bacteria since the Lederberg
experiments on pneumococcus (Lederberg et al., 1951). Acquired
genes play a major role in bacterial diversification by supplying
previously unavailable traits, which permit the rapid exploitation
of new environments (Ochman et al., 2005). Selfish and mobile
genetic elements, such as virophages, plasmids and transposons,
are the primary vehicles for lateral transfers among prokaryotes
(Pace et al., 2008). The insertion sequences (IS) that were ini-
tially identified in the Escherichia coli galactose operon are also
examples (Shapiro, 1969).
Conversely, the absence of evidence for lateral transfers has
long been considered to be a fundamental characteristic of the
genomic evolution in obligate intracellular bacteria. The iso-
lated lifestyles of obligate intracellular bacteria were thought to
reduce gene acquisition opportunities. Genetic exchanges have
been judged to be negligible in these species because their intra-
cellular environment is relatively constant and does not select for
the genetic diversity promoted bymore challenging environments
(Moreno, 1998; Blanc et al., 2007a). These early views have pro-
gressively changed with the accumulation of genomic data, which
have provided evidence for extended genetic exchanges in intra-
cellular bacteria (Bordenstein and Reznikoff, 2005). Therefore,
lateral sequence transfer is now viewed as an agent that promotes
and maintains all bacterial species. Bacteria can acquire genes by
several means, including conjugal gene transfer, phage-mediated
insertion and native DNA from outside sources (Ochman et al.,
2005). The process of gene loss has substantially contributed to
the differences in the gene contents between themodernRickettsia
species. Additionally, the Typhus Group (TG) genomes were pre-
dominantly shaped by the reductive evolution from the ancestral
Rickettsia genome.
However, the R. bellii genome includes numerous genes related
to amoebal symbionts, perhaps due to ancient gene exchanges
between an R. bellii ancestor and other amoebal hosts (Ogata
et al., 2006). In a recent study, we provided evidence for lat-
eral transfers between Rickettsiales species and other bacteria
or other organisms. R. canadensis acquired genes from gamma-
proteobacteria, Bacteroidetes, R. akari, and R. felis acquired genes
from gamma- and delta-proteobacteria, and SFG species acquired
genes from Bacteroidetes and Cyanobacteria, whereas the R. belli
genome contained genes of a eukaryotic origin (Georgiades et al.,
2011a). Finally, the plasmids in R. felismay have been acquired via
conjugation (Ogata et al., 2005). The R. felis genome is actually
a collection of genes and parts of genes with diverse evolution-
ary histories. The apparent horizontal transfer of different sized
DNA segments corresponding to genes in various functional
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categories has been detected, indicating that any segment of
DNA may be horizontally transferred (Merhej et al., 2011).
Other Rickettsiales, such as Orientia spp., also acquired genes
by LGT from Cyanobacteria, protists, and viruses (Georgiades
et al., 2011a). Wolbachia spp. also have highly recombino-
genic genomes, as their sympatric lifestyle enables recombination
among the intracellular bacterial community (Klasson et al.,
2009). Although lateral transfers were thought to be rare phe-
nomenon in obligate intracellular bacteria (Audic et al., 2007),
the “mobilome,” composed of mobile genetic elements, pro-
motes horizontal genetic fluidity in Rickettsia species and has
likely shaped the evolution of these genomes (Merhej and Raoult,
2011). Bacteria of the Legionella genus can also grow in amoe-
bae, although a clear demonstration of intra-amoebal growth
remains lacking for most of them (Thomas and Greub, 2010).
Degtyar et al. demonstrated that the distribution of effector-
encoding genes is highly variable in Legionella species: most genes
of eukaryotic origin are present in different Legionella species,
whereas others are specific to L. pneumophila (Degtyar et al.,
2009). In another recent study, 557 laterally transferred genes
were observed in L. pneumophila. Most of the transferred genes
are part of the metabolism functional category. An exchange of
genetic material with a common amoeba host most likely explains
the multiple phylogenetic origins of a significant fraction of the
Legionella genes (Coscolla et al., 2011). Other bacteria have also
acquired genes through lateral transfers. Lawrence and Ochman
(Lawrence and Ochman, 1997) proposed that at least 15% of
the E. coli genome is atypical and may have arisen by recent
lateral inheritance, while the diversity within the species E. coli
and the overlap in gene content suggests a continuum rather
than sharp species borders in the group of Enterobacteriaceae
(Lukjancenko et al., 2010). Nelson et al. (Nelson et al., 1999) con-
cluded that almost 25% of the Thermotoga maritime genes are
most closely related to archaeal genes and have a history of gene
transfer between these lineages (Gogarten et al., 2002). Firmicutes,
Bacteroidetes, and gamma-proteobacteria species were observed
to possess genes of Rickettsiales origin (Georgiades et al., 2011a).
Approximately half of the species-specific genes in Streptococcus
species have been proposed to be acquired by lateral transfer
from diverse backgrounds. Specifically, multiple lateral sequence
transfer events occurred during polyclonal infections among the
nasopharyngeal Streptococcus pneumoniae strains recovered from
a child suffering from chronic upper respiratory and middle-
ear infections (Hiller et al., 2010). Finally, recent evidence has
revealed the presence of horizontally transferred fragments of the
human long interspersed nuclear element L1 in the genome of the
strictly human pathogen Neisseria gonorrhoeae (Andersson and
Seifert, 2011). Generally, it has been demonstrated that at least
81 ± 15% of the genes in each studied genome were involved
in LGT at some point of their history even thought they can
be vertically inherited after acquisition (Dagan et al., 2008).
Taken together, these data suggest that the rhizome hypothe-
sis is well suited for describing bacteria (Merhej et al., 2011)
(Figure 2).
LATERAL SEQUENCE TRANSFERS IN ARCHAEA AND THEIR RHIZOME
Many Archaea inhabit extreme environments similar to those
in which life originated. Although Archaea members may be
seen as evolutionary relics of the earliest life forms, none of the
organisms living today are primitive. All extant life forms are
modern organisms that are well adapted to their ecological niches.
Numerous authors have observed many horizontally transferred
genes in Archaea, confirming that lateral sequence transfer is a
wide-ranging phenomenon (Koonin and Galperin, 1997; Aravind
et al., 1998). Koonin and Galperin (1997) observed large fractions
of genes of bacterial or eukaryotic origins in Archaea genomes,
suggesting a chimeric origin for Archaea. The percentages of
horizontally transferred sequences in bacteria and Archaea are
similar, ranging from 5% in Methanococcus jannaschii to 14%
in Aeropyrum pernix (Garcia-Vallvé et al., 2000). Massive gene
exchanges between the extremely thermophilic Archaea and the
hyperthermophilic Aquifex have been suggested. Previous stud-
ies revealed that the Aquifex genome is a chimera that shares a
large component with the Archaea genome in addition to the
core gene set shared with the rest of the bacteria. Bacterial hyper-
thermophily has likely evolved secondarily within moderately
thermophilic bacteria by the continuous acquisition of thermo-
tolerance genes from pre-adapted hyperthermophiles, namely the
FIGURE 2 | The rhizome of bacteria—the Rickettsiales paradigm. Rickettsiales harbor genes from various bacterial species, protists, and viruses.
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Archaea (Aravind et al., 1998). Finally, M. jannaschii protein
sequences revealed that the number of proteins that are more
similar to bacterial homologs significantly exceeds the number
of those that are closer to eukaryotic homologs. The preva-
lence of the genes of bacterial origin in archaeal genomes sug-
gests a genetic basis for the prokaryotic phenotype (Koonin and
Galperin, 1997).
LATERAL SEQUENCE TRANSFERS IN VIRUSES AND THEIR RHIZOME
Viral genomes are not without lateral sequence transfers. A
recently discovered virophage, Sputnik, was considered to be
a vehicle that mediated lateral transfers between giant viruses
(La Scola et al., 2008). The Acanthamoeba polyphaga mimivirus
has unique features, including the presence of dsDNA, which
was previously undocumented in viruses. Phylogenetic analy-
ses identified a large number of bacterial homologs, suggesting
an acquisition by lateral inheritance. Most of these genes were
related to the orthologs in bacterial species, such as L. pneu-
mophila, that are known to grow within amoebae. Mimiviruses
likely acquired these genes from degraded or live bacteria shar-
ing the same environment, particularly within amoebae (Moliner
et al., 2010). In mammalian Herpesvirus, 141 putative transferred
genes were identified, of which 91 were from gamma-herpesvirus,
42 from beta-herpesvirus, and 8 from alpha-herpesvirus, sug-
gesting that gene acquisition in gamma-herpesvirus was more
active than in the others (Figure 3). Although the functions
of most of the putative transferred genes remain uncharacter-
ized, many genes have been predicted to encode glycoproteins
or membrane proteins (Fu et al., 2008). Furthermore, genomic
analyses revealed that approximately 13% of the Herpesvirus pro-
teins have clear sequence similarity to the human genome. The
human homologs present in a large proportion of herpesvirus
genomes, such as DNA polymerase and uracil-DNA glycosylase,
are likely to have been acquired from a distant host by an ancestral
Herpesvirus. Generally, gamma-herpesvirus genomes are partic-
ularly rich in genes that have a human counterpart (Holzerlandt
et al., 2002).
Not only does the gene repertoire exhibit a substantial plastic-
ity, but nearly all genes of all organisms, including Prokaryotes,
FIGURE 3 | The viral rhizome. The mammalian herpesvirus harbors genes
from the α, β, and γ herpesvirus. Gene exchange often occurs by
virophages.
Eukaryotes, Archaea and Viruses, have been exchanged or recom-
bined at some point in time (Raoult, 2010b). Therefore, all life
forms are mosaics that are part of the rhizome of life.
INTRAGENIC RECOMBINATION
Other than lateral sequence transfer and recombination between
various organisms, the origin of some genes cannot be simply
explained because of the occurrence of intragenic recombina-
tion (Raoult, 2010a). Different varying sites recombine within
the same gene locus, and intragenic recombination can generate
new allelic variation at a locus. New gene products with poten-
tially new properties will then arise (Watt, 1972). Chimeric gene
sequences that could result from recombination between diver-
gent alleles have been detected in several species (Kelly et al.,
2009). A recent R. felis study revealed random transfers of DNA
sequences in the R. felis genomes that occurred independently of
gene function or sequence length. The apparent horizontal trans-
fer of DNA segments with different sizes has been detected, thus
indicating that any segment of DNA may be laterally transferred
(Merhej et al., 2011).
Staphylococcus aureus expresses several proteases, including the
thermolysin-like metalloprotease aureolysin. Sequence analyses
revealed that the aur gene is present in two distinct types of related
sequences and that it is very polymorphic. The gene trees con-
structed from aur and concatenated multilocus sequence typing
(MLST) genes revealed several putative assortative recombina-
tion events, such as exchanges of the entire aur gene between
divergent S. aureus lineages. Evidence for intragenic recombina-
tion events, such as exchanges of internal aur segments across aur
genes, was also observed (Sabat et al., 2008). Moreover, results
from Nicotiana illustrated that intragenic recombination may be
a relatively common occurrence and can provide evidence for
distinct parental contributions within diploid species of likely
reticulate origin (Kelly et al., 2009). Bluetongue virus (BTV) is the
pathogen that causes Bluetongue disease, which threatens sheep,
deer, cattle, and goats. Mosaic viral genes have been observed to
share a similar recombination event. Recombination can occur
in BTVs and likely plays a role in the evolution and genetic
diversity of the virus (He et al., 2010). However, the recombi-
nation rate of BTV is much lower than that of positive-sense
RNA viruses, such as the foot and mouth disease virus, in which
10–20% of the viral genomes undergo recombination during a
single replication cycle (Alejska et al., 2001). Intragenic recombi-
nation between two different existing alleles in a population can
create new alleles. The role of this process in maintaining vari-
ation in a natural population has been investigated through the
assumptions that one gene consists of two sites, each of which can
mutate to an infinite number of unique alleles (Kimura and Crow,
1964; Strobeck and Morgan, 1978; Morgan and Strobeck, 1979).
This process, like lateral sequence transfer, represents a challenge
for the reconstruction of the evolutionary relationships between
species because they cannot be represented adequately with classic
trees (Kelly et al., 2009).
ORPHAN OR NEWLY CREATED GENES
Orphan genes constitute a class of lineage-specific genes that
are not homologous to the sequences of other species (Fischer
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and Eisenberg, 1999). They typically encode small proteins and
have high non-synonymous substitution rates, but their functions
remain unknown (Domazet-Loso and Tautz, 2003; Daubin and
Ochman, 2004). Recently, a classification of ORFans has been
proposed, dividing ORFans into singletons (unique predicted
genes with no significant homolog), multipletons (orphan with
one or more paralogs in its residing genome but none in other
genomes), and lineage ORFans (orphan with homologs among
a given taxonomic rank and none outside) (Boyer et al., 2010).
Comparative analyses have revealed that new genes appear fre-
quently in genomes and that useful genes can be retained, whereas
purposeless genes are often removed from the genome. The cur-
rent methods for identifying the newly acquired genes can be
divided into three categories: compositional analysis, detection
of phylogenetic anomalies, and comparison of genome content
(Ochman et al., 2000; Nakamura et al., 2004; Gogarten and
Townsend, 2005; Kuo and Ochman, 2009). Compositional analy-
sis is the only method that does not rely on comparing sequences
from multiple genomes. In short, this approach compares the
sequence features, such as nucleotide composition and codon
usage, of the genes within a genome. A direct genome align-
ment is the most frequently used approach for identifying new
genes, in which the presence and absence of genes among the
organisms is examined. This method entails comparing multi-
ple related genomes and can provide the most direct evidence of
genes that are gained or lost from a lineage (Kuo and Ochman,
2009). Each newly sequenced genome contains a significant num-
ber of ORFans (Toll-Riera et al., 2009). For example, in the
60 fully sequenced microbial genomes, 14% of the genes are
species-specific orphans (Siew and Fischer, 2003), whereas 18%
of the Drosophila genes are restricted to the Drosophila group
(Zhang et al., 2007; Zhou et al., 2008). However, the origin of
the orphan genes remains elusive (Merkeev and Mironov, 2008).
One scenario proposes that they were derived from gene dupli-
cation events, in which one copy accumulated enough sequence
changes so that the ancestral similarity is no longer detectable
(Domazet-Loso and Tautz, 2003). Such ORFans were recently
proposed to represent genes of viral or plasmid origin (Rocha
et al., 2006), and some may correspond to genuine new genes
formed de novo through diverse mechanisms of gene evolution
(Boyer et al., 2010). This proposed mechanism has significantly
impacted the process by which novel genes in mammals form,
specifically in primates, in which 5.5% of orphan genes could
have originated de novo from non-coding genomic regions (Toll-
Riera et al., 2009). The formation of novel genes has also been
described in Drosophila (Begun et al., 2006; Levine et al., 2006;
Zhou et al., 2008) and Saccharomyces cerevisiae (Cai et al., 2008).
To characterize the genetic basis of evolution and development
in insects, the genomes of insect-specific proteomes were ana-
lyzed. The characterization of the proteomes-based on genome
sequences provides a rapid method to approximate and update
the putative proteomes as genome sequences become available.
Using this approach, 50 insect-specific proteins were isolated, and
many have been supported by experimental studies. The proteins-
related to stress and immune responses constitute an extensive
fraction of the proteins characterized in the insect-specific pro-
teome. The presence of numerous insect-specific olfaction and
cuticle development proteins underscores the significance of
communication and adaptation to the environment during insect
evolution (Zhang et al., 2007).
In a recent study by our laboratory, a small number of gene
sequences in Rickettsia species were identified that did not match
any database and may have resulted from de novo creation
(Georgiades et al., 2011a). Indeed, 17 Rickettsia gene sequences
do not possess homologs in the non-redundant (NR) database.
The Ka/Ks ratio revealed that 15 of these sequences were either
non-functional or had gained functionality later on. The proba-
bility of pseudogenization or a viral origin of these genes should
not be excluded, however, because these genes were not found
in the regions with traces of active or ancient integrated extra-
chromosomal elements, we strongly believe that they are novel
genes (Georgiades et al., 2011a).
A study reconstructing the gene content of ancestral archaeal
and proteobacterial genomes demonstrated that Archaea exhibit
an abnormally high number of genesis events, particularly
Aeropyrum pernix. The estimates for gene genesis also reveal
at least 240 genes that originated at the branch leading to the
Archaea. For Proteobacteria, this number was at least 320. Such
genes can be considered typical of a taxon because they are unique
and widespread within it (Snel et al., 2002).
Finally, the formation of new genes has been suggested to be
essential to the viability of an organism. In the case of Drosophila,
59 de novo genes were observed to be as vitally essential as the
old genes. The lethal phenotypes caused by the knockout of
new genes suggested that the genes created de novo may inte-
grate a vital pathway by interacting with existing genes, and this
co-evolution may cause the new gene to become indispensable
(Chen et al., 2010). Recently, an attempt to estimate the fraction
of acquired genes that become dispensable and the features of
those that are retained was made by examining the distribution
of genes along an evolutionary lineage. Based on the numbers of
the recent arrivals present in the E. coli K12 genome compared
with the number of ancestral genes maintained by all members
of this species, only 10–15% of the acquired genes were retained
(Ochman and Davalos, 2006). Moreover, by establishing the ori-
gins of the genes acquired during the diversification of E. coli and
Shigella, new genes that have distant homologs in other bacteria
were acquired much more frequently but not retained as often
as the acquired genes with no identifiable homologs (van Passel
et al., 2008). These results suggest that genuinely novel genes, i.e.,
those that never conferred a function in a cellular genome, are
more likely to persist in bacterial genomes (Kuo and Ochman,
2009).
In summary, gene creation is a continuous and unsettled phe-
nomenon that is supported by the discovery of new genes that are
permanently generated and are identified more frequently (Boyer
et al., 2010; Raoult, 2010a). Genes created de novo illustrate the
fact that nature is creative and not parsimonious. A rhizome is
the most suitable representation for orphans; newly created genes
should be represented as emerging roots on the rhizome.
THE TREE VERSUS THE RHIZOME OF LIFE
The TOL, initially elaborated by Darwin 150 years ago (Darwin,
1859), remains a biological fact for many supporters. For those
Frontiers in Cellular and Infection Microbiology www.frontiersin.org May 2012 | Volume 2 | Article 60 | 6
Georgiades and Raoult Defining the rhizome of life
FIGURE 4 | Genealogic tree. A genealogic tree sample that harbors
organisms with many ancestors closely or distantly related.
who question it, the TOL is nothing more than a scientific
hypothesis not yet proven to be true. Darwin’s theory reflects
the religious and social beliefs of its time: the existence of one
common ancestor at the origin of each branch is a direct resur-
gence of the Adam and Eve creation theory (Raoult, 2010b). The
origin of life is a biblical definition (Penny, 2011) that reflects
the “hierarchical natural order” originating from a single ancestor
(Doolittle, 1999). Indeed, this hypothesis could be falsified and is
based on the mixed message that classifications should be con-
structed as hierarchies because evolution is a branching process,
and a hierarchical classification is a proof of a branching evolu-
tion (Doolittle and Bapteste, 2007). Nevertheless, the traditional
biological explanations have mostly relied on the construction
of a genealogical tree that describes lineages diverging from a
last common ancestor. Such a hierarchy provides a dichotomous
topology that structures biodiversity in the most informative
way (Schliep et al., 2011). However, the robustness and univer-
sal scope of such tree-based evolutionary explanations has been
recently questioned more frequently (Doolittle, 1999, 2009a,b;
Bapteste et al., 2009; Dagan and Martin, 2009; Ragan and Beiko,
2009). For example, the ubiquity of lateral sequence transfers
suggests that the TOL does not adequately represent prokaryote
evolution (Bapteste and Boucher, 2008; Koonin and Wolf, 2008).
FIGURE 5 | The human genome as a mosaic and an ecosystem.
Everything is a rhizome, in which lateral transfers occur between and among
bacteria, viruses, archaea, and eukaryotes mediated by plasmids, virophages,
and archaeophages. The modern human genome comprises vertically
inherited elements from ancestors and from laterally inherited elements from
other eukaryotes, bacteria, and viruses. The arrows identify the lateral
sequence transfers, and the colorful arrows indicate the transfer events
toward humans.
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Bacterial classification implies that bacteria have a phylogeny and
that the taxonomic system that functions adequately for themeta-
zoans is also meaningful for the microbial world. Further, such a
hierarchy and classification do not consider the numerous lateral
sequence transfer events observed in all organisms. Up to 30%
of the intra-species genome-to-genome variation in gene content
results from lateral inheritance and gene loss. In some species, the
pan-genome appears unlimited (Doolittle and Bapteste, 2007).
Human beings are complex ecosystems comprising more bac-
teria and viruses than eukaryotic cells in their mucosa, particu-
larly in the gut. The human genome is a mosaic of genes with
eukaryotic, bacterial, and viral origins. Bacteria harbor genes that
originated from eukaryotic, viral, and archaeal organisms. Giant
viruses also have chimeric genomes of different origins (Raoult,
2010a). Finally, genome analyses have revealed high proportions
of newly generated ORFan genes (Fraser et al., 2000). An increas-
ing number of scientists now argue that Darwin’s TOL is best
seen as an approximation to describe some parts of the living
world but is less adequate elsewhere (e.g., viruses and prokary-
otes). However, it is currently more complicated to place the root
on the TOL (Ragan et al., 2009). A genealogic tree is a more
adequate representation (Figure 4).
The theories of multiplicity and de novo creation need to
be integrated in a post-Darwinian concept of the living species.
When all these features are considered, the evolution of species
seems more like a rhizome (Raoult, 2010a). A rhizome is a
descriptive and epistemological model that does not organize the
elements by a hierarchical coordination line, including a base and
a root constituting the starting point of branches according to the
well-known model of the Porphyrian tree (Eco, 1984). Instead, it
is a model in which each element can affect or influence all the
others (Deleuze and Guittari, 1972). A rhizome has a predomi-
nantly semiotic perspective. It is not easy to perceive things from
the middle or from the top to the bottom. In contrast to trees,
a rhizome connects any point with any other, and all of the fea-
tures do not necessarily correspond to features of the same nature
(Deleuze and Guittari, 1972). Consequently, this view of evolu-
tion considers the occurrence of multiplicities as emerging species
grow from the rhizome with gene repertoires of various origins
that allow for the multiplication and perpetuation of the species.
Even the human genome is, and should be, viewed as a mosaic
with eukaryotic, bacterial, archaeal, and viral genes that comprise
an ecosystem that drives a network of gene exchange (Figure 5).
CONCLUSION
Darwin’s TOL presents a single common ancestor on the root and
different species on the major branches that separate and contin-
uously diverge. However, the history of life cannot be attributed
to a single ancestral species that yielded descendants that have
adapted to their environment and developed into various species
completely distinct and different from each other in such a short
time. Furthermore, new species are continuously created and
are not necessarily derived from other species (Raoult, 2010b).
Furthermore, recent and massive gene transfer events have been
identified in all living organisms. A rhizome could more ade-
quately represent the multiplicities of genomes and their de novo
creations. Emerging species grow from the rhizome with gene
repertoires of various origins that allow for the multiplication
of species under permissive environmental conditions (Raoult,
2010a). This view of evolution should resemble a clump of roots
representing the multiple origins of the genetic repertoire of each
species (Halary et al., 2010).
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